It has been shown that oocytes and egg3 of the toad Xenopus laevis are able to translate the mRNA coding for haemoglobin ), a result now extended to a range of other types of mRNA. The efficiency with which the cells utilize injected haemoglobin mRNA is comparable to that observed in the reticulocyte from which it was derived, and is much higher than is commonly observed in cell-free systems . Micro-injection of oocytes and eggs therefore seems to be a suitable technique to apply to other aspects of protein synthesis, and should be particularly helpful in determining the extent to which proteinsynthetic systems constructed in vitro accurately represent the characteristics of translation in living cells.
Much of our knowledge of the mechanism of protein synthesis has come from the translation of synthetic polyribonucleotides in cell-free systems. In the present paper we describe experiments designed to investigate the effect of some of these substances on protein synthesis in living cells.
Materials and Methods Materials
Poly(U), poly(A), poly(G,U), poly(A,G,U), poly-(A,C,G,U) and rabbit haemoglobin were obtained from Miles Laboratories Inc., Kankakee, Ill., Handling biological material. Details of methods of obtaining, culturing and injecting eggs and oocytes have been described previously (Elsdale et al., 1960; Gurdon, 1967; Gurdon et al., 1971) . Eggs were used for experiments in which it was desirable to have no background incorporation from cells other than those injected. Oocytes, surrounded by their follicle cells, were used in the globin mRNA competition experiments since the small amount of protein made in follicle cells did not affect these results. Oocytes have the advantage that they are permeable to amino acids and survive for long periods after injection. For studies of eggs radioactive precursors were injected with the polymers. The precursors were introduced into oocytes by adding them to the incubation medium. Except where stated otherwise, the solution used for injection contained 88mM-NaCl, 1 mM-KCI and l5mM-Tris-HCl (pH 7.6).
Analysis of acid-insoluble material. For routine acid-precipitation eggs or oocytes were homogenized in 2ml of 0.5M-KCl-0.05M-Tris-HCl (pH7.5). Samples (0.lml) were dried on Whatman GF 83 filters for measurements of total radioactivity in the sample. Further samples (0.25ml) were added to 18% (w/v) trichloroacetic acid containing 0.05% of the appropriate non-radioactive amino acid. The sample was heated at 85°C for 30min, and thenfiltered on GF 83 filters. These were washed successively with 10ml of 18 % trichloroacetic acid containing the appropriate amino acid, 10ml of ethanol and 10ml of diethyl ether. The filters were dried and the radioactivitywas determined by scintillation counting in 5ml of a fluor consisting of 4g of 2,5-diphenyloxazole and 0.3g of 1,4-bis-(5-phenyloxazol-2-yl)-benzene/litre of toluene. After the incorporation of [3H]lysine into polypeptides in cells injected with poly(A), the precipitation was modified because polylysine is soluble in trichloroacetic acid solutions. The 0.25ml samples were added to 2ml of 5% (w/v) trichloroacetic acid containing 0.25% sodium tungstate, pH2.0 (Gardner et al., 1962) . The sample was filtered on GF 83 filters, which were washed with 10ml of 18 % (w/v) trichloroacetic acid at 85°C, and then in the same way as in the usual precipitation procedure.
Purification ofphenylalanine polymers. Oocytes or eggs were homogenized in 2ml of 0.5M-KCI-.05M-Tris-HCl (pH7.5). Trichloroacetic acid (50%, w/v) was added to give a final concentration of 18 %, and the sample was then heated at 85°C for 30min. The protein precipitate was isolated by centrifuging at 3000g for 15 min. It was washedwith 2ml of20 % (w/v) trichloroacetic acid. It was then extracted with 0.1 ml of butan-1-ol, saturated with 2M-NH3, in a boilingwater bath for 10min. The insoluble material was removed by centrifuging at 23°C and 3000g for 5min. The supernatant was spotted on to Whatman no. 1 paper, as were marker mixtures of mono-, di-, tri-and in some cases tetraphenylalanine. The chromatogram was developed by descendingchromatographywithbutan-1-ol saturated with 2M-NH3 (Felicetti & Lipmann, 1968) . Thesolvent front was allowed to run for about 35cm. Phenylalanine and its polymers were located by ninhydrinstaining of markers run in parallel with the samples. The radioactive chromatograms were cut into 1 cm strips, which were then cut into smaller pieces and placed in scintillation vials, to which was added 1 ml of water-saturated butan-1-ol to elute amino acids. After agitation for 1 h, 14ml of scintillation fluid was added. Each litre of this fluor contained 4g of 2,5-diphenyloxazole, 0.1 g of 1,4-bis-(5-phenyloxazol-2-yl)benzene, 625 ml of toluene and 375 ml of 2-ethoxyethanol.
Fractionation of proteins from cells injected with haemoglobin mRNA. This was done on columns (1 cmx 50cm) of Sephadex G-100 by the methods of Lane et al. (1971) by using commercial rabbit haemoglobin as a marker.
Results

Effects ofhomopolymers
Two types of homopolymer, poly(U) and poly(A), were injected into oocytes and eggs. Since the former should code for polyphenylalanine and the latter for polylysine, each polynucleotide was injected with This is a difficult molecule to characterize because it is very insoluble. One of its properties is a greater stability to acid hydrolysis than is shown by most polypeptides. An attempt was made to detect such material in eggs injected with poly(U), but they contained no more than the controls. Another way to purify polyphenylalanine is by paper chromatography. In our experiments the chromatograms were developed with butan-1-ol saturated with 2M-NH3. In this system, the longer the chain, the nearer to the solvent front polyphenylalanine runs (Felicetti & Lipmann, 1968) . A test ofthe validity ofthe procedure is showninFigs. 2(a) and 2(b). This showsthat poly(U) stimulates the synthesis of various sizes of polymers of [3H]phenylalanine in a cell-free system prepared from oocytes by the methods of Cox et al. (1970) . The products identified were mainly of small size, whereas the poly(U) was of high molecular weight (>50000). It therefore seemed likely that the cellfree system degraded poly(U). When examined by the same procedure control oocytes and those injected with poly(U) did not differ (Figs. 2c and 2d ). It could be that the polyphenylalanine synthesized in living cells was too large to be extracted by the procedure used. Polyphenylalanine may be hydrolysed to a mixture of shorter oligomers by limited hydrolysis with HCI, and these may then be separated by paper chromatography. This method of analysis also fails to show polyphenylalanine synthesis in control and poly(U)-injected cells (Figs. 2g and 2h) . The evidence summarized in this section therefore indicates that poly(U) and poly(A) either are not used, or are used very inefficiently, as messengers by eggs.
Effects ofpolymers beginning with putative initiation codons
It is generally thought that only the codons AUG and possibly GUG can act as initiators of mRNA Vol. 144 translation. Two artificial polyribonucleotides beginning with these codons were available to us, A-U-G(U)n and G-U-G(U)n (n is approx. 35).
Both of these substances were known to stimulate phenylalanine incorporation in a Krebs ascites cellfree system at the expected Mg2+ concentrations (M. B. Mathews, personal communication).
The effect of A-U-G(U)n and G-U-G(U)n on the Distance moved from origin (cm) Fig. 2 . Chromatographic analysis ofacid-insoluble materialfor polymers ofphenylalanine Eggs were injected with poly(U) or A-U-G-(U). at 250jpg/ml, together with [3H]phenylalanine at 5mCi/ml. An acidinsoluble extract was made, and analysed by paper chromatography as described in the Materials and Methods section. The position of mono-, di-and tri-(and sometimes tetra-) phenylalanine markers is indicated. The methodology was tested in the experiment shown in (a) and (b). These diagrams show the products made in control (a) 0.5ml cell-free systems prepared from Xenopus ovary exactly as described by Cox et al. (1970) , and those to which poly(U) was added (b). The product was treated in the same way as injected eggs. (c) shows the analysis of control eggs. (d) and (e) show a similar analysis of eggs injected with poly(U) and A-U-G-(U), respectively. The radioactive protein was also subjected to partial hydrolysis with 6M-HClfor2.5 hat 100°Ctobreaklongphenylalaninechainsdowntooligomers (Old & Gorini, 1965) . The analysis of control eggs is shown in (f), and of eggs injected with poly(U) and A-U-G-(U). in (g) and (h) respectively. Table 1 . G-U-G(U)n has no significant effect, whereas A-U-G(U), always produced almost complete inhibition of the incorporation of any radioactive amino acid used. Of the polyribonucleotides so far discussed only A-U-G(U), appears to have any pronounced effect on protein synthesis in living cells. The effects of five further polymers were investigated to check howmuch the inhibition produced by A-U-G(U). is dependent on its particular nucleotide sequence. These were A-(U)n, AUG triplet, poly(G,U), poly(A,G,U) and poly(A,C,G,U).
A-(U). was tested to show that the third nucleotide of a molecule of the type A-U-N-(U).
must be G if an inhibition is to be produced. Table 1 shows that A-(U A-U-G-(U). depends on the initial triplet being followed by further nucleotides.
The random polymer poly(A,G,U) is important for two reasons. First, one in 27 of the molecules may be presumed to begin with the codon AUG. Secondly, it should also contain termination codons. This is relevant because the inhibitory effect of A-U-G-(U)M may be ascribed to the absence of a terminator codon (see the Discussion section). Fig. 1 shows that poly . A better way to assay for interference of the expected sort is therefore to inject a mixture of the synthetic Polyribonucleotide (ng/oocyte) RNA and a natural mRNA, and thus to assay for competition during the period in which the exogenous mRNA becomes incorporated into the proteinsynthetic machinery of the oocyte. Experiments of this sort were conducted by using rabbit globin mRNA.
In the initial experiments globin mRNA was mixed with the synthetic polynucleotides before injection. The concentration of globin mRNA chosen was equivalent to lOng/oocyte, just sufficient to saturate its haemoglobin-synthetic capacity. Results from a typical series of experiments are shown in Fig. 3 . It is evident that all three synthetic polynucleotides tested decreased the translation of globin mRNA. The efficiency of inhibition was in the order poly-(A,G,U)> poly(G,U) > poly(A,C,G,U). None of these polymers produced a significant decrease in the synthesis of oocyte protein. We also tested poly(U) and A-U-G-(U), in a similar way. Poly(U) inhibited globin mRNA translation to only a small extent, if at all. A-U-G-(U),, as might be expected, inhibited globin mRNA translation completely (Fig. 4) . It also inhibited endogenous protein synthesis, as expected, although the inhibition was only partial for thereason given in the legend to Fig. 4. (To calculate the inhibition ofprotein synthesis, approx. 50 %, account must be taken of the different pool specific activities in the two types ofcell.)Globinsynthesiswasfullysuppressed even when globin mRNA (75 x 10-'5 mol/oocyte) was present in slight molar excess over A-U-G-(U)n (43 x 10-'5mol/oocyte).
These experiments showed that when synthetic polyribonucleotides are mixed with globin mRNA and injected into oocytes they suppress its translation. In contrast they have no effect on endogenous protein synthesis. This difference could result either from a difference between globin and oocyte mRNA molecules, or from a difference between pure, injected mRNA and mRNA already active in protein synthesis. These possibilities might be distinguished by injecting globin mRNA and synthetic polyribonucleotides at different times. The results of such an experiment are depicted in Table 2 . Globin mRNA translation is inhibited by poly(A,G,U) when it is mixed with the mRNA (line 2), but not when it is injected separately 2h later (line 6). This result is complicated by the fact that no inhibition was observed when the poly(A,G,U)was injected only 30s after the globin mRNA (line 3). There are two possible explanations of this result. The least likely is that poly(A,G,U) forms an inactive complex with globin mRNA when they are mixed in the injection medium (0.1 M-KCl-2.5mM-MgCI2 in this experiment). More likely is that, even in short-interval double-injection experiments, the two solutions mix with oocyte cytoplasm before they mix with each other. They therefore independently associate with cytoplasmic components, and do not compete for 1974 them, as they might if mixed. This is virtually inevitable, partly because diffusion is rapid with the small volumes used, and partly because it is impossible to inject both solutions into exactly the same region of the cell. Injecting solutions at intervals of 30s would not therefore be much different from injecting them at an interval of 2h and a similar inhibition of globin synthesis would be expected. The simplest interpretation of these double-injection experiments is that poly(A,G,U) and globin mRNA compete for some component in the cell present in limited amounts, binding firmly to RNA, and necessary for protein synthesis. This hypothesis is discussed at more length in the Discussion section.
Discussion
Our experiments should be discussed in relation to studies of two types, those which involve the injection ofnatural mRNA molecules into living cells, and those concerning the behaviour of synthetic polyribonucleotides in cell-free systems.
The most extensive information of the first kind comes from experiments in which globin mRNA Fraction no. Fig. 4 . Inhibition ofglobin mRNA translation by A-U-G-(U). (a) Oocytes were injected with globin mRNA at 300,g/ml or l5ng/oocyte; (b) A-U-G-(U). at 12.5,ug/ml or 0.6ng/oocyte was also added. After incubation with [3H]-histidine the haemoglobin synthesized in 6h was analysed on columns of Sephadex G-100. Peak I is oocyte protein, peak II haemoglobin and peak III is mainly free [3H]histidine. In this experiment, clumps of oocytes were used, and only the largest were injected (see Gurdon et al., 1971) . This is the reason why endogenous protein synthesis was only partially inhibited. Table 2 . Effect oftime ofinjection on the inhibition ofglobin mRNA translation bypoly(A,G, U) Batches of 40 oocytes were injected with 40nl of 0.1 M-KCl-2.5mM-MgCl2 containing, where stated, globin mRNA at 200,pg/ml and poly(A,G,U) at 2000pg/n-l. In the experiment summarized in line 3 poly(A,G,U) was injected as soon after globin mRNA as possible (approx. 30s). The second injection was performed after 2h and the oocytes were then incubated for 4h in [3H]histidine at 0.5 mCi/ml. Of the oocytes that were unaffected by the operation 20 were used for protein analysis. Vol. 144 from mammalian reticulocytes was injected into oocytes and eggs. In these amphibian cells rabbit a-and fl-globin was made for many hours at an efficiency comparable with that in intact reticulocytes, each mRNA molecule being used many times (Gurdon et al., , 1973 . This high efficiency is very important in assessing the effect of synthetic polyribonucleotides. The maximum stimulation of [3H] histidine incorporation into globin is produced by injecting oocytes or eggs with not more than lOng of globin mRNA (Moar et al., 1971) . However, no stimulation of incorporation of [3H]phenylalanine or [3H]lysine was observed when 50ng or more of poly (U) and poly (A) were injected, nor could the appropriate radioactive polypeptides be identified. Haemoglobin synthesis is best detected by using histidine as the radioactive precursor because it is unusually rich in this amino acid. Even so haemoglobin contains only 6 % histidine, whereas the radioactive homopolymers coded by poly(U) or poly(A) would have contained only one amino acid. Since histidine and phenylalanine have pools ofcomparable size (Eppig & Dumont, 1972) , the assay for polyphenylalanine should have been nearly 20 times more sensitive than that for haemoglobin. Globin mRNA stimulates histidine incorporation by as much as twofold. Therefore our failure to distinguish an effect of the synthetic RNA molecules on protein synthesis indicates that they are translated very inefficiently, if at all (at most 1000 times less than natural mRNA).
One reason synthetic polyribonucleotides have no effect on protein synthesis might be that they are rapidly degraded in living cells. Experiments on poly(U) degradation (H. R. Woodland, unpublished work) show that, although some poly(U) is degraded immediately after injection into the oocyte, a substantial amount remains after many hours. For example, when poly(U) is injected at 2mg/ml, or l00ng/oocyte, as much as 31 ng/oocyte survives after 22h. If this amount of poly(U) had been active in protein synthesis it would have had a drastic effect on phenylalanine incorporation, since only lOng of globin mRNA saturates the globin-synthetic capacity of the oocyte.
The conclusion that poly(U) and poly(A) do not function as mRNA in living cells is quite consistent with the results of experiments on cell-free systems. In vitro poly(U) and poly(A) are translated only at high Mg2+ concentrations (10-15imM; see suchreviews as Bretscher, 1969; Haselkorn & Rothman-Denes, 1973) . On the other hand, it is believed that the Mg2+ concentration is much less (about 3mM) in vertebrate cells. In vertebrate cell-free systems only AUG seems to act as an initiator codon at this concentration (Brown & Smith, 1970) . In these systems, as in those of bacteria, ribosomes will also recognize GUG codons as initiators, but only at Mg2+ concentrations slightly higher than normal (Brown & Smith, 1970) . It therefore seems likely that only AUG functions as an initiator codon in vertebrate cell-free systems. This conclusion is strengthened by the observation that in living yeast cells AUG will initiate translation of iso-l-cytochrome c mRNA when present at several positions in the mRNA molecule, whereas GUG is not able to perform this function (Stewart et al., 1971) .
The experiments reported above are compatible with the view that AUG is a codon of unique properties. The only polymer to have had a significant effect on protein synthesis, albeit an inhibitory one, was A-U-G-(U)n. G-U-G-(U)n, A-(U)n, (U)n and AUG all had no significant effect. The inhibition by A-U-G-(U)n can be explained in four ways:
(1) the A-U-G-(U). preparation could have contained inhibitory impurities; (2) A-U-G-(U)n could act as an inhibitor of protein synthesis at some step other than initiation; (3) the initiation site of A-U-G-(U)n could be sufficiently different from natural initiation sites for A-U-G-(U)n to inhibit the translation of other mRNA molecules, without itself being translated; (4) A-U-G-(U)n could initiate normally, but, because it lacks a termination codon, inhibit protein synthesis by binding all of some ratelimiting component, and not allowing it to recycle to further mRNA molecules (for example, this component could be tRNAPhe).
The first of these explanations is not easily refuted, but there are three arguments against it. First, the particular preparations that we used stimulated phenylalanine incorporation in the expected way in a cell-free system prepared from Krebs ascites cells (M. B. Mathews & A. E. Smith, personal communications). Secondly, we have shown that the inhibitory agent is ribonuclease-sensitive. Lastly, the A-(U)n and G-U-G-(U)n that we used were made by the same procedure as the A-U-G-(U)n, but neither were detectably inhibitory. It therefore seems likely that the effect produced by A-U-G-(U)n is a property of its particular nucleotide sequence. Unfortunately the other three possible explanations of the inhibition fit the available data equally well.
Poly(A,G,U) and poly(A,C,G,U) contain both initiation and termination codons and function as messengers in cell-free systems. It is therefore surprising that they have little if any effect on protein synthesis on oocytes and eggs, although poly(A,G,U) may be very slightly inhibitory. Our observations fit the view that the requirements for initiation in vivo are more stringent than those in present-day cell-free systems.
The effect of most of the synthetic polymers on the translation of a simultaneously injected mRNA was quite different from that on oocyte protein synthesis. Poly(A,G,U), poly(A,C,G,U) and poly-(G,U) all inhibited the synthesis of globin when 1974 injected with globin mRNA. On the other hand globin mRNA behaved like an oocyte mRNA when it was injected separately. It is difficult to be sure why this occurs, but we favour the view that the synthetic polymer competes with globin mRNA for some component of the translational machinery present in limited supply. Lingrel & Woodland (1974) have suggested that the component which limits the capacity ofoocytes to translate injected globin mRNA molecules is a pre-initiation factor. It was postulated that this agent binds permanently to mRNA molecules and either enables them to recruit ribosomes or to prevent mRNA degradation. We now suggest that this agent binds to the synthetic polymers, as well as to a natural mRNA. Presumably the affinity of any RNA for this agent would be reflected in the degree of inhibition it produces. The factor would therefore bind to RNA molecules in the following order of decreasing affinity: poly(A,G,U) > poly(G,U) > poly(U) > rRNA. [rRNA is notable in not being inhibitory ), a property of obvious importance in the living cell.] Since binding of the postulated factor is permanent once it occurs, it is easy to explain why globin synthesis is not inhibited when the mRNA is injected before the synthetic polymer. When poly(A,G,U) was injected 2h before globin mRNA (Table 2 , line 7) there was no inhibition of subsequent globin synthesis. The simplest explanations of this observation are that poly(A,G,U) does not survive for 2h or, more likely, that more of the rate-limiting component becomes available during the incubation period.
The validation of our hypothesis will be greatly assisted by experiments with natural mRNA molecules. However, if we are correct, synthetic polyribonucleotides could prove useful in isolating the postulated pre-initiation factor by using, for example, affinity-chromatography methods.
